/calmodulin-dependent protein kinase II (CaMKII)
Miller and 
, 1988). Early models of CaMKII necessary for LTP induction. Much has been learned
switching assumed that the "on" state could be mainabout the autophosphorylation of CaMKII and its detained by an intraholoenzyme, intersubunit reaction in phosphorylation by PSD protein phosphatase-1 (PP1).
which Thr286 sites that became dephosphorylated Here, we show how the CaMKII/PP1 system could could be rephosphorylated by the Ca
2ϩ
-independent acfunction as an energy-efficient, bistable switch that tivity of a neighboring active subunit (Lisman and could be activated during LTP induction and remain Goldring, 1988b). Subsequent work revealed, however, active despite protein turnover. We also suggest how that Ca 2ϩ -independent autophosphorylation of Thr286 recently discovered binding interactions could provide sites does not occur, because Ca 2ϩ /calmodulin must be a structural readout mechanism: the autophosphorybound to substrate subunits in order for Thr286 to be lated state of CaMKII binds tightly to the NMDAR and
phosphorylated (Hanson et al., 1994). Recently, it was forms, through CaMKII-actinin-actin-(4.1/SAP97) link-
shown (Zhabotinsky, 2000) that basal levels of Ca 2ϩ , ages, additional sites for anchoring AMPARs at synthough low, may be sufficient to allow the rephosphoryapses. The proposed model has substantial experilation of Thr286 that become dephosphorylated and mental support and elucidates principles by which a thereby sustain the on state. local protein complex could produce stable informaIn the first part of this paper, we will review this model tion storage and readout.
and extend it in several ways. We show that the model depends critically on the fact that dephosphorylation of CaMKII occurs specifically by the PP1 held in PSD by Ca PSD is an isolated biochemical compartment. We show a synapse-specific form of plasticity that may underlie here that this isolation produces the phosphatase satusome types of memory (reviewed in Malenka and Nicoll, ration that is necessary to produce bistability (Lisman, 1999 Zhabotinsky, 2000) . If these sites are significantly phosphorylated, their concentration will tion of energy. This is a consequence of the fact that basal phosphatase activity is required to ensure that be much higher than the K M of the phosphatase (1 M; Zhabotinsky, 2000), and phosphatase saturation will basal kinase activity will not switch the system from the off to the on state. However, when the switch is on, occur.
An intuitive understanding of why this chemical systhe existence of basal phosphatase activity means that there will be a steady dephosphorylation of sites which tem can act as a switch is as follows: when the kinase holoenzymes are nearly unphosphorylated, the rate at must constantly be rephosphorylated by the kinase. For this reason, maintenance of the on state is an energywhich available sites become autophosphorylated is low because reaction 1 is slow. In contrast, PP1 can rapidly consuming process-a process that biochemists term a "futile cycle." In earlier models (Lisman and Goldring, dephosphorylate any phosphorylated site because it is not saturated (there are few other sites making demands 1988a, 1988b; Lisman, 1985), which assumed that CaM-KII phosphorylation was sustained by the Ca 2ϩ -indepenon it). The off state is thus stable because the per site kinase rate is low compared to the per site phosphatase dent activity of CaMKII (k 1 in equation 2 in Appendix), the ] 50 of CaMKII (K H1 in equation 2). For similar reasons, the phosphatase reaction is also low (see equations 3 and 4). The system is therefore operating in an energy-efficient, nearly "frozen" state. As will be discussed later, there is now direct evidence that CaMKII is dephosphorylated very slowly (Gardoni et al., 2001 ). cations must be explainable in terms of the local interaccur) but rather by being the target of a shared phosphatase. tions of synaptic proteins.
Phosphatase Saturation Provides a Novel Form of Interaction between CaMK Holoenzymes
The PP1 saturation by highly phosphorylated CaMKII Our general conclusion is that the CaMKII/PP1 switch is a plausible mechanism by which long-term informaprovides a novel mechanism for producing the required bistability. Consider what happens when a phosphorytion storage could be realized at synapses. It is now possible to show that such a switch can operate via lated holoenzyme in an on PSD leaves the PSD and a newly synthesized unphosphorylated holoenzyme enreactions that have been demonstrated to occur in vitro. Furthermore, as we have shown, many of the properties ters. This holoenzyme will become slowly phosphorylated due to the reaction driven by resting Ca 2ϩ (equation of PP1 in PSD can be seen as an integrated solution to the design of a stable, energy-efficient switch capable 1 in Appendix). This reaction is virtually unopposed by PP1, which is engaged by all the other phosphorylated of resisting the resetting effects of protein turnover. CaMKII sites in the PSD. Thus, a newly inserted CaMKII molecule will eventually become highly phosphorylated CaMKII May Be a Regulated Linkage in an AMPA Receptor Anchoring Assembly if it inserts near CaMKII molecules that are already highly phosphorylated. In contrast, if it were to insert into a We now turn to the second part of this paper. The question we deal with here is how the on state of the switch region where there were no highly phosphorylated CaM-KII molecules, it would confront a strong phosphatase could enhance AMPA-mediated transmission. One known mechanism is that activated CaMKII phosphoryactivity and remain almost totally unphosphorylated. (Ouyang et al., 1997) .
contrast, high Ca 2ϩ elevation activates CaMKII, an activation that is enhanced by a PKA-dependent process One line of evidence consistent with persistent translocation is that standard brain PSD preparations demonthat suppresses phosphatase activation. There is now substantial support for these basic ideas (see reviews strate that a substantial fraction of the NMDA channels exist in a complex with CaMKII (Leonard et al., 1999) .
by The structural model we propose will certainly have earlier, an optimized memory switch would minimize its energy utilization by slowing the antagonistic kinase and to be elaborated as more information becomes available about PSD binding interactions. Indeed, the already phosphatase reactions, thereby putting the CaMKII/PP1 system into a nearly frozen state. Indeed, our model available information points to several other important interactions that may contribute to AMPAR anchoring. shows that with parameters of Figure 1A 
